CFTR is the only member of the ABC (ATP binding cassette) protein superfamily known to function as an ion channel. Most other ABC proteins are ATP-driven transporters, in which a cycle of ATP binding and hydrolysis, at intracellular nucleotide binding domains (NBDs) powers uphill substrate translocation across the membrane. In CFTR, this same ATP-driven cycle opens and closes a transmembrane pore through which chloride ions flow rapidly down their electrochemical gradient. Detailed analysis of the pattern of gating of CFTR channels thus offers the opportunity to learn about mechanisms of function not only of CFTR channels, but also of their ABC transporter ancestors. In addition, CFTR channel gating is subject to complex regulation by kinase-mediated phosphorylation at multiple consensus sites in a cytoplasmic regulatory domain that is unique to CFTR. Here we offer a practical guide to extracting useful information about the mechanisms that control opening and closing of CFTR channels: on how to plan (including information obtained from analysis of multiple sequence alignments), carry out, and analyze electrophysiological and biochemical experiments, as well as on how to circumvent potential pitfalls. Gadsby et al. -MiMM chapter 
Introduction

Present understanding of regulation of CFTR channel gating by nucleotides
CFTR's pair of cytoplasmic NBDs (NBD1, NBD2) are drawn together in head-to-tail orientation (1,2), as in all other ABC proteins, by two ATP molecules bound within composite interfacial catalytic sites, between the Walker A and B motifs of one NBD and the LSGGQ-like ABC signature sequence of the other (3,4,5,6,7,8,9). Hydrolysis of the ATP disrupts the interface, causing the NBDs to separate and allowing fresh ATP to bind. In CFTR, these cyclic, ATPdriven motions of the NBDs are transmitted to the transmembrane domains (TMDs) to alternately open and close the pore through which chloride ions flow rapidly across the membrane, down their electrochemical gradient. Dissimilarities between NBD1 and NBD2 in CFTR, mirrored in all members of the OAD (organic anion and drug; 10) transporter subfamily of ABC proteins to which CFTR belongs, render only one of the composite interfacial ATP sites (the "NBD2 composite" site, incorporating the NBD2 Walker motifs) catalytically competent, while crippling the "NBD1 composite" site by substitutions on both sides of the interface. In the absence of ATP, phosphorylated (see 1.2., below) CFTR channels essentially remain closed (except for rare, brief, openings; e.g., 11,12). On exposure of the cytoplasmic surface of CFTR channels to millimolar ATP, its binding at the two interfacial sites causes NBD1-NBD2 heterodimerization and opening of the ion pore. The average channel opening rate is a saturable function of ATP concentration according to Michaelis Menten kinetics and is half maximal near 50 M ATP for wild-type (WT) CFTR (13). Because this apparent affinity for activation by ATP is diminished by mutations of either NBD that are expected to impair ATP binding, normal channel opening appears to require ATP binding in both composite sites (12).
The pore remains open until hydrolysis of the ATP in the competent "NBD2 site" triggers channel closure. That hydrolysis rate-limits closure is supported by prolongation of channel openings upon interference with hydrolysis by addition of inorganic phosphate analogues such as orthovanadate or pyrophosphate (14,15,16), or of poorly hydrolyzable ATP analogs like AMPPNP (17,15), or by mutation of key catalytic residues (15,18,11,12,1). That the hydrolysis occurs only in the "NBD2 site", and not in the "NBD1 site", is demonstrated by the findings that only "NBD2 site" mutations prolong openings (15,18,11,12), and that photocrosslinking with gamma-32 P-8azidoATP radio-labels only the "NBD1 site", since the function not only of CFTR channels, but also of their ABC transporter ancestors.
Present understanding of regulation of CFTR channel gating by phosphorylation
Before a CFTR channel can be opened by ATP, cAMP-dependent protein kinase (PKA) must phosphorylate consensus-site serines in the~200-residue cytoplasmic regulatory (R) domain that links CFTR's two homologous halves (28,29), and phosphorylation of PKC sites in the R domain might be a prerequisite (30,31). Because cells contain millimolar levels of ATP, enough to saturate binding at CFTR's NBDs, phosphorylation of the R domain by PKA may be presumed to be the principal physiological regulator of CFTR channel activity. The R domain is unique to CFTR, and its structure and mechanism remain controversial and incompletely understood (reviewed in 32). Evidence of structural disorder of isolated R domain (33,34), and of graded activation of CFTR channels with increasing phosphorylation (e.g., 28,35,36), have been interpreted as indicating redundancy among up to 9 R-domain phosphoserines, with accumulated negative charge as the major factor. The positions of consensus serine-containing segments in crystal structures of CFTR NBD1 extended by an R-domain fragment (37), and NMR measurements of NBD1-R domain interactions (34,38), prompted the proposal that nonphosphorylated R domain binds to the NBDs and interferes with ATP-mediated formation of the NBD1-NBD2 heterodimer, and hence with CFTR channel opening; phosphorylation of the R domain is proposed to release it from the NBDs, relieving the inhibition of gating. Such a simple mechanism seems unlikely, as neither serine-containing segment is needed for channels to close in the absence of ATP, regardless of phosphorylation status, and their deletion or mutation does not alter the strict dependence of channel gating on phosphorylation by PKA (39). Moreover, deletion of the entire NBD2 (40,41) or introduction of "constitutive" mutations (42), even the CF-causing mutation G551D (43), results in channels that gate regardless of the presence of ATP -but even this "spontaneous" activity remains strictly dependent on prior phosphorylation by PKA. Finally, two of the phosphoserines, including the one most readily generated by PKA 
Cell preparation
Oocytes are isolated from anaesthethized adult female Xenopus laevis, and dispersed using collagenase, as described (13). HEK293T cells are maintained in DMEM medium supplemented with 10% Fetal Bovine Serum, plated in 100-mm dishes and transfected with pIRES-CFTR (20)
Biochemical analysis of CFTR regulation
Cysteine modification as a tool to study domain-domain interactions
To supplement the minimal structural information available for CFTR and to directly examine changes in conformation associated with gating, sulphydryl-specific crosslinking can be used to probe proximity of pairs of target cysteines introduced into CFTR, provided that some or all of the 18 native Cys are first removed or shown not to interfere with the assay of target Cys reactivity. If the C atoms of residues approach each other to within 5-8 Å, then target Cys at those positions should form disulphide bonds upon oxidation with copper phenanthroline.
Bifunctional sulphydryl-specific reagents, e.g., based on maleimide (2) or methanethiosulphonate 
Electrophysiological recording of CFTR currents
The possibility of following ion channel function using electrophysiological techniques make CFTR uniquely suited for basic structure/function studies among ABC transporters.
However, some of its gating characteristics -e.g. relatively slow and non-equilibrium gatinglimit the usefulness of some techniques.
Recording CFTR currents in intact cells by TEVC and whole-cell patch-clamp
The two-microelectrode voltage-clamp (TEVC) method, and tight-seal current recording in the whole-cell configuration, allow little or no direct modification of the intracellular solution. However, as described above, the main factors regulating CFTR channel gating are phosphorylation and interaction with ATP, both acting on intracellular domains. In most intactcell studies CFTR is activated by extracellular application of membrane penetrating forskolin, which activates adenylate cyclase, and hence PKA, eventually resulting in an increase in whole cell conductance. For WT CFTR expressed in oocytes, held at -50 mV, the inward current peaks 3 minutes after forskolin addition. For CFTR mutants with low P o , conductance can increase more slowly, e.g. reaching a 10-100 fold lower maximal conductance in 10-20 minutes. The very indirect control of the channel gates somewhat limits the kinetic information that can be obtained with these techniques, yet they remain useful for screening (e.g. 48,2), or studying extreme alterations of gating kinetics (e.g. 61). In addition, whole cell current recordings can be valuable for studying endogenous CFTR in its physiological environment, with only minimal experimental modification (methods described in 62).
Recording CFTR currents in inside-out patches
The experimenter has many more possibilities if, after sealing, the patch can be excised, so that the intracellular face of the patch is exposed. In Xenopus oocytes, this inside-out configuration is conveniently obtained by initially "cramming" the pipette towards the centre of the cell, before extricating it with the excised membrane patch. Because of the characteristic slow gating of CFTR channels, relatively simple perfusion systems (e.g. available from ALA Scientific Instruments, www.alascience.com), which allow complete exchange of the solution bathing the intracellular (outside) face of the patch within a fraction of a second, are sufficient for most experiments. Most of the channels present in the patch will be activated within a few minutes after switching to a solution in which catalytic subunit of PKA (130 units/ml) and MgATP (concentrations 2-5 mM) are present. PKA extracted from bovine heart is commercially available (Sigma cat # P2645; note that recombinant PKA catalytic subunit, Promega cat # V5161, was found to be much less active even using up to 300 units/ml). Millimolar [ATP] are saturating for most mutants, the WT apparent dissociation constant being~50 M (e.g. 13).
Simple solutions with high Cl The experimenter can thus obtain two different, complementary, sets of kinetic information:
either monitoring individual channels during steady-state gating (3.3.2.1) or recording ensemble currents flowing through a high number of channels (3.3.2.2.).
Recording individual CFTR channel currents in inside-out patches
If the patch contains one or few (e.g. ≤8) channels the current "jumps"
corresponding to the opening and closing of individual channel gates can be detected. Since the single-channel conductance of CFTR is small (~10 pS, 64), the main practical problem in performing these experiments is keeping electrical noise as low as possible to improve the signal/noise ratio. Practical considerations on this subject are discussed at length in excellent texts (65,66). Most important, the electrical seal resistance between glass pipette tip and cell membrane needs to be very large (with Xenopus oocytes, seals >100 Gcan be routinely obtained, using freshly stripped oocytes and 0.2 m-filtered solutions) and line-frequency interference needs to be minimized (by carefully grounding conducting objects close to the amplifier headstage, avoiding ground loops, and shielding in a Faraday cage). In addition, several parameters of the experimental setup can be optimized to obtain low-noise records (67).
In our labs, the patches are excised in a large fluid-filled "patch-pulling chamber", and then transferred to a "flow chamber" for recording ( 
Recording macroscopic, multi-channel, CFTR currents in inside-out patches
When studying low probability events or mutants whose gating is very slow, accumulation of sufficient events cannot be achieved within the patch lifetime by recording from one or a few channels. In these cases, information on channel gating regulation is most simply obtained by recording ensemble current flow across patches containing a large number (typically hundreds or thousands) of CFTR channels ("macropatches" 
Analysis of steady-state CFTR current recordings
Idealization of membrane currents
The first step in the process of extracting information on channel gating kinetics from a raw current trace is to reconstruct the time series of channel opening/closing transitions. The output of this "idealization" procedure is an ordered list of events, each event described by a pair of numbers l k , t k ; l k denotes the number of channels open during the kth event and t k its duration.
This "events list" contains in a compact form all the information the raw data carry about gating.
The simplest idealization algorithm is the half-amplitude threshold crossing technique (68). In this procedure the baseline current and possible slow current drifts -not channel-related -are subtracted from the raw data. Ideal conductance levels are then set to integer multiples of the unitary current amplitude, and consecutive data points which fall within a half-amplitude distance of a given ideal conductance level are merged into an event. For reliable application of this simple procedure the signal-to-noise ratio must be sufficiently high to minimize half- 
Kinetic analysis of single-channel current traces
Channel open probability (P o ), the fraction of time the pore is open, is simply obtained as the sum of all open-time durations in the events list divided by the total recording time.
Although P o can be viewed as the physiologically relevant readout of gating in terms of chloride transport, it provides essentially no information on mechanism. For instance, mutations might simultaneously alter the rates of both gating transitions by up to 1000-fold with no large effect on fraction of closures will be necessarily misassigned regardless of the choice of the cutoff. This means that some fraction of intraburst closures will be erroneously kept and treated as interburst, and some fraction of interburst closures will be erroneously misclassified as intraburst and so eliminated. Two commonly used strategies for calculating the cutoff duration are to equalize the probabilities of the two types of error (80) or to minimize the total probability of committing any error (81). The merit of the first strategy is that the mean duration of reconstructed bursts provides an undistorted estimate of the true mean burst duration, whereas the second strategy was found to cause less distortion of the shape of the distribution of burst durations for a nonequilibrium cyclic gating mechanism like that of CFTR (27).
Because ATP concentration affects bursting, but not intraburst, kinetics, restricting kinetic analysis to a mere extraction of mean burst and interburst durations is equivalent to violation of microscopic reversibility (68). In addition, fitting these distributions by a cyclic mechanism ( Fig. 2A; cf., 1.1) allows estimation of the rates of conformational transitions that are not associated with pore opening or closure (27).
Kinetic analysis of multi-channel current traces
Because CFTR gating is a slow process and gradual dephosphorylation by membranebound phosphatases limits the length of steady-state single-channel recordings, obtaining sufficient numbers of gating events from a patch containing only a single channel can become challenging. In contrast, from patches with multiple (e.g., 2-8) active channels comparable numbers of gating events are obtained in proportionately shorter duration recordings. An ensemble of several (N) channels gating via a common mechanism but independently of each other can be described by a single macro-system with N+1 conductance levels; transition rates between states of the macro-scheme are functions of the single-channel transition rates.
Consequently, both maximum likelihood analysis approaches mentioned in 3.4.2. above, i.e., fitting of dwell-time distributions and fitting the entire time series, can be generalized to a multichannel system. However, because the macro-system has many states, the computational burden for the latter approach becomes prohibitively large; even with improved present day (2010) PC performances, fitting the entire time series for a record with more than 2-3 channels is still 
.). Finally, a first-order correction for missed events due to limited recording bandwidth is also readily incorporated into this approach (82). A program
implementing these procedures has been used successfully by several groups and is freely available upon request (laszlo.csanady@eok.sote.hu).
Analysis of macroscopic current relaxations
Information on gating kinetics of single ion channels can also be obtained from the time courses of macroscopic current relaxations in response to step changes in ligand concentration or voltage. These time courses can be fitted with sums of exponentials, whose time constants and fractional amplitudes are functions of the single-channel gating parameters. Non-linear least squares fitting algorithms are included in most commercially available data acquisition software packages (e.g., Pclamp, PulseFit).
Because, for CFTR, closing from a burst is little sensitive to ATP concentration and the rate of opening to a burst in the absence of ATP is vanishingly small, the time constant of macroscopic current relaxation upon sudden removal of ATP reflects the steady-state mean burst duration (83,13,27). This technique for estimating mean burst duration has been preferentially used for catalytic site mutants which abolish ATP hydrolysis at the composite NBD2 site, (e.g., K1250A) or when non-hydrolyzable ATP analogs (e.g., AMP-PNP, pyrophosphate) are applied, because in either case burst durations are prolonged to several seconds or tens of seconds. While this makes it difficult to collect sufficient numbers of steady state single-channel gating events, macroscopic ATP-removal experiments are easy to perform, and require only moderately rapid solution exchange (e.g., 13,12,84,85).
One limitation of this approach is that for patches excised from certain cell types removal of PKA catalytic subunit results in a relatively abrupt shortening of mean burst durations, likely due to rapid partial dephosphorylation of CFTR channels by membrane-bound phosphatases (17,13). In such systems the above approach can be used to study the mean burst duration of partially, but not of fully, phosphorylated channels. This is because sudden removal of ATP terminates not only channel opening, but also activity of the co-applied PKA catalytic subunit, and so full phosphorylation of the channels throughout the time course of current relaxation cannot be guaranteed. , (85) ) which provides additional information about the mechanisms underlying CFTR channel gating.
Thermodynamic approaches to
Mutant cycle analysis
The thermodynamic mutant cycle formalism (90) can be used to detect energetic coupling between two amino acid positions in a protein. In a generalized double mutant cycle, the WT, two single site mutants and the double mutant form the vertices of a thermodynamic cycle.
From patch recordings of CFTR channel currents, several kinetic parameters can be measured that can be used to characterize WT and single and double mutants in terms of the G between two states. If the two residues do not interact, the effects of mutating one site will not depend on whether that mutation was done in a WT or mutant (at the other site) background; i.e., mutationlinked changes in G on parallel sides of the cycle are equal (G int = 0). Any difference (G int ≠ 0) signifies, and (to some extent) quantifies, energetic coupling between the two residues. Unfortunately, interpretation of data obtained using the mutant cycle formalism is rarely straightforward. A first complicating factor relates to the large statistical variability observed in CFTR gating measurements. Because coupling energies are obtained as sums (of mutation-linked changes in G on parallel sides of the cycle), the errors on the individual sets of measurements are summed too, resulting in coupling energies, G int , which are not significantly different from zero unless the mutation effects are large. A second problem arises from the oversimplifying assumptions required to reduce kinetic data to free energy differences between two states. Thus, it is likely that the "equilibrium constants" estimated from measurements reflect the steady state distribution of channels among more than two underlying states; and states with low occupancy in WT might become important in certain mutants with severe phenotypes. A third problem can arise from the quantitative interpretation of G int as interaction energy in the WT when the target-site residues still form significant interactions in the single and double mutants (90). Such interactions can usually be avoided by using alanine substitutions. However, mutant cycles in which the substitutions form a novel interaction in the double mutant only result in a stronger deviation from simple additivity, and this might help reveal energetic coupling when the single mutation effects are small.
REFER analysis
Rate-equilibrium free energy relationship (REFER) analysis provides information on transition state structures and has been used to study the temporal sequence in which various The success of REFER analysis for ligand-gated ion channels (e.g., 93,94) has encouraged its application to CFTR gating (95,96) . Unfortunately, however, interpretation of REFER plots depends strictly on the assumption of an underlying equilibrium process. For this reason, although the observed linearity of the REFER plots and the complementarity of the slopes of such plots for opening and closure of CFTR channels have been argued to support an equilibrium mechanism (96), such inferences have no theoretical foundation. Indeed, it has been shown that both equilibrium and non-equilibrium mechanisms can result in either linear or nonlinear REFER plots, and that the complementary REFER slopes for opening and closure are a trivial feature of all ion channels regardless of their gating mechanism; moreover, for nonequilibrium mechanisms REFER analysis provides no information on the transition-state structures (97). These limitations should be considered before applying REFER analysis to CFTR.
Bioinformatic approaches to identify coevolving amino-acid positions
Coevolution reports on functional residue-residue interactions
Information about gating of CFTR channels can also be gleaned from the evolutionary record in the form of correlated amino acid substitutions. The conformational changes associated with gating are controlled by residue interactions, and interacting residues exert evolutionary pressure on each other, such that substitutions at one position are coupled to substitutions at another. In terms of multiple sequence alignments, this means that the variation of residues found in one column will correlate with the variation in some other column(s). This is illustrated schematically in Fig. 3 for evolution of positions x and y in a hypothetical protein family. In Fig.   3A , because of strong interaction between positions x and y, their substitutions are correlated, leading to their coevolution, whereas in Fig. 3B the positions do not interact strongly, and so they evolve independently, and hence substitutions at those positions are uncorrelated (98,99, cf.,
100).
Because CFTR belongs to the ABC protein superfamily, the large quantity of sequence data available makes such coevolution analysis attractive. Depending on which ABC subfamily sequences are included in the alignment, the analysis may illuminate general mechanisms shared by the whole ABC superfamily (e.g., interactions across the NBD dimer interface; 1) or may relate specifically to a particular subfamily. An alignment restricted to OAD family sequences, for instance, may be expected to yield information about mechanism applicable not only to CFTR but also to paralogs such as the SUR and MRP proteins.
Statistical approaches for coevolution prediction
In practice, given the protracted timescale of evolution, inferences about past substitution events made from alignments of contemporary sequences are used to generate a statistic that relates to the probability that two positions coevolved. A number of methods have been developed for these analyses, and they use one of two basic approaches (for recent reviews, see 98,101). In one, the coevolution statistic is derived from correlated patterns in the alignment; and methods based on explicit coevolution models (112,113). This latter approach adheres closely to the above (3.7.1.) definition of coevolution as temporally correlated substitutions, but is subject to the uncertainty inherent in inferring past substitution and branching events from present sequences.
Input data and practical aspects
A multiple sequence alignment comprises the input data for coevolution prediction.
As misalignments increase with sequence divergence, filtering out distant sequences improves alignment quality but at the expense of discarding useful information. Calculation of BLAST Evalues (114) or HMMER log-odds likelihood scores (115), combined with estimates of local (116) or global (117) alignment quality, can help guide this tradeoff between sequence number and divergence. Once sequences are aligned, gaps need to be removed by deleting entire columns and/or sequences. Ideally, the resulting multiple sequence alignment will retain hundreds of homologs each containing hundreds of positions.
Validation of methods with structural contact prediction
Benchmarking, to validate the predictive performance of a method on a test set of data under particular conditions, would ideally require a protein family for which all coevolving, and independently evolving, position pairs are known. As no such family exists, a data set can be simulated, which offers precise control over phylogenetic tree parameters and rates of evolution, and allows clear distinction between coevolving and independently evolving pairs. Applicability of the assumptions about mechanisms of (co)evolution used in the model, however, remains
uncertain. An alternative approach is to use a known physical quantity, such as spatial proximity, to characterize position pairs. The ability of a method to predict coevolution that arose from structural contact can then be assessed for protein conformations for which a high-resolution 3D structure exists. In the absence of an X-ray crystal structure for CFTR, homology models (e.g., 51,118,119) based on the structure of Sav1866 Only two sequence positions, x and y, are considered, the rest are indicated by dots. Encircled x and y characters mark substitution events at that position. As a result of substitutions, a sequence at the right (more recent) node of a branch may differ from the left (earlier) node at one or both positions. The process results in the set of contemporary sequences on the right, organized into a multiple alignment. Though substitutions occur stochastically in both cases, only in case A do they correlate temporally between the two positions. Since the protracted timescale of evolution precludes direct observation of substitution events, the challenge is to distinguish between the two cases A and B indirectly, using the alignment as the only available input data.
